Background. Despite the efficacy of highly active antiretroviral treatment (HAART), a large proportion of human immunodeficiency virus (HIV)-infected patients may develop moderate neurocognitive impairment. Antiretroviral drug passage into the central nervous system may be relevant for preventing and treating HIV-associated neurocognitive disorder; nevertheless, clear cerebrospinal fluid (CSF) pharmacodynamic targets are not known.
Human immunodeficiency virus (HIV) replication in the central nervous system (CNS) occurs a few days after patients have been infected: the uncontrolled viral production leads to perivascular macrophages, microglia, and astrocyte infection, thus eventually leading to neuronal damage [1] . The widespread use of highly active antiretroviral treatment has led to a dramatic decrease in HIV-associated opportunistic diseases including dementia; nevertheless, minor neurocognitive impairments are still highly prevalent [2] . Whereas differential antiretrovirals' penetration into cerebrospinal fluid (CSF) and CNS has been associated with a reduced probability of compartmental HIV replication, its impact on the course and severity of HIV-associated neurocognitive disorder (HAND) is still debated. A large cooperative study by the group has categorized antiretrovirals according to their CNS penetration effectiveness (CPE) score; the higher the score, the lower the risk of detectable HIV RNA in CSF [3, 4] . In any case, comparison of different drugs' penetration into the CNS is difficult given the high interpatient variability in drug exposure and the lack of standardized target concentrations. In several studies, CSF drug exposure was evaluated by referring to the in vitro 50% inhibitory concentration (IC 50 ); however, the use of IC 50 as a reference is still debated due to potential selection of resistant variants (at such concentrations, 50% of virions are still theoretically able to replicate). For this reason, 95% and 99% inhibitory concentrations (IC 95 and IC 99 , respectively) have been suggested as a more appropriate threshold without clinical confirmation. Judging the adequacy of raltegravir CSF exposure, for example, has given conflicting results in 3 different studies; patients' characteristics as well as different target concentrations may explain such discordance [5] [6] [7] . Acosta and colleagues recently used a large dataset to validate in vitro inhibitory concentrations of several antiretroviral drugs, thus providing a new and standardized approach to the field [8] . Furthermore, inhibitory quotients have been suggested as an integration of drug exposure and viral susceptibility; they were associated with virological efficacy in protease inhibitor (PI) treatmentnaive ( plasma concentrations divided by ICs) and treatmentexperienced HIV-infected patients ( plasma concentrations divided by different measures of resistance) [9, 10] .
The primary objective of this study was to compare CSF 50% and 95% inhibitory quotients (IQ 50 and IQ 95 , respectively) of several antiretroviral drugs in patients not harboring resistance-associated mutations. The secondary objective was to investigate relationship between CSF concentrations above the IC 50 and IC 95 and viral control in the CSF.
METHODS
Adults on combination antiretroviral therapy undergoing a lumbar puncture for either clinical reasons or specific research protocols were prospectively included. Exclusion criteria were the presence of opportunistic infections or neoplasias, the presence plasma or cerebrospinal fluid of major resistance-associated mutations, or the concomitant use of drugs known to cause significant drug-drug interactions (rifampicin, proton pump inhibitors with atazanavir, etc). This protocol was approved by the Ethics Committee, and patients provided written informed consent.
All patients were admitted to the infectious disease word at least 24 hours before the procedure, and antiretroviral drugs were administered under direct observation. Paired plasma and CSF samples were withdrawn at 12-14 hours (twice-daily administered compounds) or 21-27 hours (once-daily administered) after drug intake; no more than 15 minutes elapsed between CSF and plasma withdrawal. Antiretroviral concentrations were determined by a validated high-performance liquid chromatography coupled with mass spectrometry method with the lower limits of quantification (LLOQ) reported elsewhere [11] . Wild-type in vitro inhibitory quotients were derived from Acosta et al; these were obtained from clinical isolates and then corrected for protein binding (derived from in vitro experiments) [8] . Inhibitory quotients of PIs, nonnucleoside reverse transcriptase inhibitors (NNRTIs), and raltegravir were calculated as the ratio between CSF concentration and IC 50 and IC 95 (not corrected for protein binding); adequate exposure was considered if IQ 95 >1. For nucleoside reverse transcriptase inhibitors (NRTIs) and maraviroc (MVC), detectability in CSF above the LLOQ was considered to be adequate concentration, due to the unfeasibility of measuring active intracellular moieties (extracellular concentrations may not reflect intracellular exposure and activity) and uncertainty in inhibitory concentration values, respectively. Accordingly, optimal CSF regimen exposure was defined as IQ 95 >1 and detectability of CSF concentration of all drugs contained in the regimen.
HIV RNA levels in plasma and CSF were quantified through real-time polymerase chain reaction Cobas AmpliPrep/Cobas TaqMan (Roche HIV-1 version 2.0) with a limit of quantification of 20 copies/mL. CSF escape was defined as CSF HIV RNA >50 copies/mL with plasma HIV RNA <50 copies/mL.
Data are presented as numbers (percentages) or medians (interquartile ranges); nonparametric tests were used to analyze and compare variables. Univariate analysis (Mann-Whitney and χ 2 tests) were performed; variables with P values <.10 were incorporated into multivariate logistic regression analysis (with backward elimination). Statistical significance was defined as a 2-sided P value of .05. All statistical analyses were performed with SPSS version 20.0 (IBM Corporation, Armonk, New York).
RESULTS
One hundred seventy-four CSF and plasma samples were available from 127 patients. Figure 1A , and the IQ 95 is shown in Figure 1B . Three samples of patients receiving nevirapine showed concentrations of 290 ng/mL, 4250 ng/mL, and 1 that was undetectable both in CSF and in plasma. Three of 10 samples of patients receiving MVC showed undetectable concentrations; in those that were detectable, the median CSF concentration and CSF-to-plasma ratio were 3 ng/mL (range, 2-9) and 2.6% (range, 0.3%-7.7%), respectively. Comparing drugs, a intraclass hierarchy of drug exposures above IC 95 was observed: among PIs, darunavir (both once and twice daily) had the highest IQ 95 compared with lopinavir and atazanavir (Kruskal-Wallis test, P < .001), whereas among NNRTIs, efavirenz showed the highest IQ 95 (Kruskal-Wallis test, P < .001). Although no significant difference was noted in IQ 95 between atazanavir boosted with ritonavir (/r) and lopinavir/r (MannWhitney test, P = .53), unboosted atazanavir had the lowest IQ 95 (Mann-Whitney test, P = .03 vs lopinavir/r and P = .05 vs atazanavir/r).
Twenty-one samples (12.1%) presented NRTI CSF concentrations below the LLOQ: 17 samples (tenofovir) and 4 samples (both tenofovir and emtricitabine) presented undetectable concentrations. Sixty-four patients (50.4%) showed optimal CSF drug exposure (IQ 95 >1 and detectability of CSF concentration of all drugs contained in the regimen).
CSF HIV RNA was <20 copies/mL, between 20 and 50 copies/mL, or >50 copies/mL in 58 (45.7%), 13 (10.2%), and 56 (44.1%) patients, respectively. In patients with plasma HIV RNA <50 copies/mL (n = 84), CSF escape was noted in 24 subjects (28.6%).
Factors associated with CSF HIV RNA <50 copies/mL and with CSF escape are shown in Table 2 ; patients with optimal CSF exposure had a higher probability of CSF HIV RNA <50 copies/mL (71.4% vs 47.4%; odds ratio [OR], 2.78 [95% confidence interval {CI}, 1.31-5.91]; P = .007). At multivariate analysis, nadir CD4 cell count (adjusted OR [AOR], 2.04 [95% CI, 1.18-3.54]; P = .01) and plasma HIV RNA <50 copies/mL (AOR, 8.14 [95% CI, 2.67-24.76]; P < .001) were independently associated with CSF HIV RNA <50 copies/mL; optimal regimen CSF exposure (all drugs in the regimen with IQ 95 >1 or detectable CSF concentration) was borderline significant (AOR, 2.36 [95% CI, .85-6.29]; P = .09).
In patients with plasma viral load <50 copies/mL (n = 84), univariate analysis optimal CSF drug exposure was associated with a decreased probability of CSF escape (17% vs 42.1%; OR, 0.28 [95% CI, .10-.76]; P = .011); in multivariate analysis, optimal CSF exposure was protective for CSF escape (AOR, 0.28 [95% CI, .11-.76]; P = .01). In neither analysis was CSF exposure above the IC 50 associated with CSF viral control. 
DISCUSSION
In this study, the CSF 95% inhibitory quotients of several antiretrovirals were compared, showing that the 2 drugs with the highest IQ 95 were darunavir (twice and once daily) and efavirenz. We were also able to show that optimal CSF exposure of all components of the regimen was associated with a reduced probability of CSF escape. Several attempts have been made at classifying antiretrovirals according to their rate of CNS penetration and activity. The most complete and recent study suggested a CPE score (from 1 to 4, with 4 being the most penetrating/active drugs), which was subsequently validated in other cohorts [3, 4, 12, 13] . Nevertheless, for most of the compounds, pharmacodynamic data are not available and the score relies only on biochemical and pharmacokinetic properties. Published studies do evaluate antiretrovirals' CSF exposure, mostly by referring to the IC 50 . However, low CSF concentrations generally are reached by antiretrovirals, and concentrations are usually in the range of IC 50 conversely to what is observed in plasma, where antiretrovirals generally reach levels several times higher than the IC 50 [14] . Levels of drug exposure above the IC 50 but still below the IC 95 , in fact, could lead to suboptimal viral inhibition and incomplete therapeutic response. Therefore, the use of standardized IC 95 , as defined by a recent study, seems more adequate than IC 50 , even considering the low protein levels in CSF. Among PIs (Figure 1) , darunavir showed the highest IQ 95 both given once and twice daily: the influence of dosing, previously reported by our group, did not change this observation [15] . Boosted atazanavir and lopinavir have comparable IQ 95 , in contrast to previous studies using IC 50 in which lopinavir showed better CSF exposure, whereas unboosted atazanavir was associated with lower levels as already reported [16] . Among NNRTIs (Figure 1 ), efavirenz and etravirine had high IQ 95 , confirming previous results, although unexpected CSF protein binding may be taken into account [17] . Samples with nevirapine were unfortunately too few for further analysis. Raltegravir recipients showed a low IQ 95 due to 73.2% of concentrations below the IC 95 , confirming previous results [5] [6] [7] : however, raltegravir's well-known inter-and intrapatient variability, as well the lack of a clear pharmacokinetic/pharmacodynamic relationship, does not allow a definitive definition of its CSF exposure adequacy [18] .
The herein-confirmed variability in drug exposure and CSFto-plasma ratios (ranging from 0% to 33.8%) could question the usefulness of measuring drug concentrations in the CSF. However, as 12.1% and 4% of the samples had undetectable concentrations of NRTIs or third drugs, respectively, it may be useful to monitor drug exposure in patients with HAND and/or CSF escape. In the 2 case series reporting patients with symptomatic CSF escape, in fact, some subjects had undetectable CSF levels, thus suggesting limited drug entry into the CSF/CNS [19, 20] . Given the impact of blood-brain permeability on some drug CSF exposure, it is possible that a subset of subjects may have a very limited passage, thus influencing compartmental drug activity [5, 7, 21] ; data from the CHARTER group using CSFto-albumin ratios in patients with HAND seem to confirm this hypothesis [22] . In our study, the most important predictors of cerebrospinal viral control were, as expected, the immunovirological characteristics: nadir CD4 cell count and plasma HIV RNA <50 copies/mL. The association of chronic HBV infection with worse CSF viral control has not been reported before, and is not confirmed by multivariate analysis; it may reflect a selection bias or the larger use of tenofovir as an anti-HIV/HBV drug. These conditions suggesting optimal viral control and low reservoir size have been constantly associated with compartmental viral control and with the risk of HAND [23] . However, in our patients with suppressed plasma viral load, having adequate CSF levels of all drugs in the regimen according to our definition was associated with a reduced risk of CSF escape; this may potentially affect the possible interventions in patients with compartmental viral replication. A high proportion of patients with CSF escape was observed in this cohort (28.6%); the inclusion of patients with HAND, with very low CD4 nadir, and with JC virus-negative leukoencephalopathy may explain the difference with previously published studies [24] .
Some of the limitations of this study must be considered, such as the cross-sectional design, the heterogeneity of included subjects, the limited number of patients with fully controlled plasma viral load, the possible bias introduced by performing lumbar punctures for clinical reasons, and the unavailability of free-drug concentrations.
In conclusion, CSF drug IQ 95 seems to be a new and reliable tool to study drug exposure in the CSF of patients with HIV. In the clinical setting, IQ 95 deserves further prospective evaluation to study the adequacy of CSF concentrations in successfully treated HIV-infected patients.
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